INTRODUCTION {#sec1-1}
============

*Helicobacter pylori* (*H. pylori*) is one of the most prevalent pathogens as more than 50% of the world population is colonized by this microorganism, low socioeconomic level and bad hygienic conditions being the main risk factors.\[[@ref1]\] Gastric colonization by *H. pylori* results in chronic gastritis, which will remain asymptomatic in most subjects who consequently may not be treated with antibiotics to eradicate it. A new treatment regimen that would achieve the eradication rates of 90% or greater seen at the advent of *H. pylori* treatment is urgently needed.\[[@ref2]\] Multiple regimens have been evaluated for *H. pylori* therapy in randomized controlled trials\[[@ref3]\] including triple therapy with a proton pump inhibitor (PPI).\[[@ref4]\] Quadruple therapy consists of a PPI, combined with bismuth and two antibiotics (e.g., metronidazole 250 mg four times daily and tetracycline 500 mg four times daily) given for 10-14 days,\[[@ref5]\] an open label prospective trial, *H. pylori* treatment-naïve patients randomized to levofloxacin, omeprazole, nitazoxanide, and doxycycline (LOAD) for 7 days or 10 days,\[[@ref6]\] and sequential therapy.\[[@ref7]\] Despite the number of studies, the optimal therapeutic regimen has not yet been defined. The treatment regimen that is selected must be effective but considerations such as cost, side effects, and ease of administration should also be taken into account.\[[@ref1][@ref4][@ref7][@ref8][@ref9][@ref10]\] Eradication may be confirmed by a urea breath test, fecal antigen test, or upper endoscopy performed 4 weeks or more after completion of therapy.\[[@ref11]\] Confirmation of eradication should be strongly considered for all patients receiving treatment for *H. pylori* because of the availability of accurate, relatively inexpensive, noninvasive tests (stool and breath tests), and increasing antibiotic resistance.\[[@ref5]\] Recently, using of probiotics in *H. pylori*-colonized subjects with gastric inflammation is supported by many observations.\[[@ref12][@ref13]\] Probiotic delivery systems are widely used nutraceutical products for the supplementation of natural intestinal flora. These delivery systems vary greatly in the effectiveness to exert health benefits on a patient. Probiotic delivery systems can be categorized into conventional, pharmaceutical formulations, and nonconventional, mainly commercial food-based products. Conventional pharmaceutical products tend to be more effective in this regard and are much more characterized compared to commercial food-based carrier systems. Examples of pharmaceutical formulations for the delivery of probiotics currently include, among others, beads, capsules, and tablets.\[[@ref14][@ref15]\]

In the development of effective and safe encapsulated products, it is essential to maintain the adequate number of viable cells during the shelf life of the product as well as during the gastric tract (GT) after consumption.\[[@ref16][@ref17]\] Microencapsulation will assume importance in delivering viable strains of probiotic bacteria in large numbers to consumers.\[[@ref18]\] The main factors affecting the viability of probiotics in the GT are the acidic environments that present a challenge for the application of these microorganisms in different industries.\[[@ref19]\] To overcome difficulty during development, microencapsulation technique is utilized to increase the viabilities of probiotics.\[[@ref20][@ref21][@ref22]\] Some specific strains of *Lactobacillus* and *Bifidobacterium* inhibit *H. pylori* through the production of bacteriocins or organic acids.\[[@ref23][@ref24]\] Probiotics may exert some of their protective functions through the modulation of immune activity and epithelial functions in both the large and small intestines.\[[@ref25]\]

Our study aimed to formulate microencapsulated LAB and evaluated their survival in the simulated human GT.

MATERIALS AND METHODS {#sec1-2}
=====================

Used probiotics {#sec2-1}
---------------

The most potent anti-*H. pylori*, anti-inflammatory, and antioxidant lactic acid bacteria (LAB) strains were selected (*Lactobacillus plantarum, Lactobacillus acidophilus*, and *Lactobacillus bulgaricus* DSMZ 20080) as previously described by El-Adwai.\[[@ref26][@ref27]\] The selected probiotic cells were collected from de Man, Rogosa, and Sharpe (MRS) broth culture in the early stationary phase of growth at 37^°^C under aerobic and anaerobic conditions. Cells were washed three times with a sterile phosphate buffer solution (PBS, pH = 7.4), suspended in a sterile peptone water solution and kept at − 80^°^C for 24-48 h, and then lyophilized.

Microencapsulation of probiotics {#sec2-2}
--------------------------------

The microencapsulation of the selected probiotics were prepared according to the method described by Krasaekoopt *et al*.\[[@ref28]\] Briefly, 5 g of lyophilized LAB was mixed with 20 mL of 20 g/L sodium presterilized alginate solution. The sterile syringe was filled with the cell suspension and was injected through a 0.11-mm needle (Nisco, Switzerland) by a syringe bump adjusted at rate 0.27 into sterile 0.05 mol/L CaCl~2~ containing 0.1 g/100 mL Tween 80. After 30 min of gelification in 0.05 mol/L CaCl~2~, the beads were rinsed and kept in a sterile peptone water solution at 4^°^C. Low-molecular-weight chitosan (0.5 g) dissolved in 50 mL 1% acetic acid solution (adjusted according to LAB growth tolerance); the pH was adjusted in a range of 5.7 to 6.0 followed by sterilization at 121^°^C for 15 min. Fifteen grams of washed beads were immersed in 100 mL of chitosan solution with gentle shaking at 100 rpm for 40 min on an orbital shaker (Thermo Scientific, USA) for coating (two-step method). The chitosan-coated beads were rinsed and washed twice with sterilized peptone water solution. The morphological and microstructural of obtained beads were examined using phase contrast inverted microscope. The beads were suspended in peptone water solution, maintained at −80^°^C for 24-48 h, and then lyophilized and stored at 2^°^C.

Sampling of microcapsules for microstructural analysis by scanning electron microscope {#sec2-3}
--------------------------------------------------------------------------------------

Microcapsules were prepared and examined under a scanning electron microscope (SEM) (model JSM-5200LV, Jeol Datum Co., Japan) as described by Rosenberg *et al*.\[[@ref29]\]

The viability of lactic acid bacteria in formulated microcapsules {#sec2-4}
-----------------------------------------------------------------

The microcapsules (1 g) were liquefied in sterile sodium citrate 1% solution (pH 6.0) and incubated in a shaker incubator (New Brunswich, USA) at 37^°^C for 2 h.\[[@ref30]\] MRS agar medium was inoculated with different dilutions of prepared microcapsule solutions and incubated at 37^°^C for 48 h. The colony-forming units of survived bacteria were estimated. The experiments were replicated three times.

Simulation of the human gastrointestinal environment {#sec2-5}
----------------------------------------------------

The used human gastrointestinal (GI) conditions were anaerobically simulated at 37^°^C *in vitro* as described by Chen *et al*.\[[@ref31]\]

### Food content of human western diet suspension {#sec3-1}

It is composed of (per liter) 1 g arabinogalactan, 2 g pectin, 1 g xylan, 3 g potato starch, 0.4 g glucose, 3 g yeast extract, 1 g peptone, 4 g mucin, and 0.5 g cystein.

### Simulated gastric juice (SGJ) {#sec3-2}

Food content suspension (30 mL) was sterilized by filtration and acidified to pH ≤2 in closed sterilized vessels.

### Simulated small intestine juice (SSJ) {#sec3-3}

Sterilized food suspension (30 mL) was neutralized (pH ≥6.8) with the addition of simulated pancreatic juice (0.9 g pancreatin, 6 g bile salts, and 12 g NaHCO~3~ per liter).

### Simulated colon juice (SCJ) {#sec3-4}

Food suspension was transferred to the simulated colon with pH value 6.2-6.8.

The survival of microencapsulated bacteria in the simulated human gastrointestinal tract {#sec2-6}
----------------------------------------------------------------------------------------

The survival of microencapsulated and noncapsulated bacteria was cheeked in the simulated human gastrointestinal tract (GIT) as described by Chen *et al*.\[[@ref31]\] and Berrada *et al*.\[[@ref32]\] Briefly, microcapsules (1 g) and noncapsulated bacterial suspension (1 mL; 2 × 10^5^) was exposed to the simulated human GI fluids. After exposure time, the viability of LAB in simulated human GI fluids was determined as mentioned above.\[[@ref30]\] After transit stages, microcapsule samples were withdrawn for morphological examination under an inverted microscope (Olympus, USA).

Statistical analyses {#sec2-7}
--------------------

Statistical analysis of the present study was conducted, using the mean, standard error, and *t*-tests by the Statistical Package for the Social Sciences (SPSS) version 16 (SPSS Inc., Chicago, IL). The normality of data was measured using Shapiro-Wilk test by SPSS version 16.\[[@ref33][@ref34]\] In all cases, a *P* value of \<0.05 was considered to be statistically significant.

RESULTS {#sec1-3}
=======

The early stationary phase of the selected strains, *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080 were ranged 29-19 h (data not shown). The selected strains were microencapsulated in two polysaccharide layers (alginate and chitosan) and they were able to tolerate chitosan dissolved in 1% acetic acid.

Physical examination of formulated microcapsules {#sec2-8}
------------------------------------------------

Using phase contrast inverted microscope, microcapsules appeared as teardrop-shaped with a double layer; the chitosan outer layer and lactic acid bacteria embedded in the alginate inner layer \[[Figure 1](#F1){ref-type="fig"}\]. The microcapsules were observed under SEM as spherical and wrinkled surface beads as shown in [Figure 2](#F2){ref-type="fig"}.

![Phase contrast inverted microscope of microcapsules. (a) The teardrop-shaped microcapsules (b and c) The double layer microcapsules. The small dark arrows in B point to the outer chitosan layer while in C point to the inner alginate layer](JRMS-20-950-g001){#F1}

![Scanning electron microscope of the microcapsules. (a) The whole microcapsules of lactic acid bacteria showing the double layer alginate and chitosan (b and c) The chips chitosan layer covered and impeded in the porous alginate layer at high magnification power (d) The internal half of microcapsules. The small dark arrows in B point to the porous alginate layer while in C, the arrow points to the chips of the chitosan layer and arrow points to lactic acid bacteria within the alginate matrix in D](JRMS-20-950-g002){#F2}

Using SEM, the inner half of the two halves of the microcapsule was scanned as shown in [Figure 2](#F2){ref-type="fig"}. Bacteria were found to be entrapped in the groups that were randomly distributed within the alginate matrix of the microcapsule \[[Figure 2](#F2){ref-type="fig"}\].

Viability of formulated lactic acid bacteria microcapsules {#sec2-9}
----------------------------------------------------------

The obtained results indicated that each *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080 microencapsulated were loaded with 1.03 × 10^10^CFU viable bacteria/g, 1.9 × 10^10^ CFU viable bacteria/g, and 5.5 × 10^9^ CFU viable bacteria/g, respectively. Microcapsulated bacteria were exposed to the simulated GI media and compared with the noncapsulated one as observed in [Table 1](#T1){ref-type="table"}.

###### 

Survival of microcapsulated bacteria in the simulated human GIT

![](JRMS-20-950-g003)

Generally, it was clarified that the surviving of microencapsulated cells was significantly higher than that of the free cells after exposure to SGJ at pH 2, whereas the release amounts of *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080 cells were 4.5 × 10^9^ CFU/mL, 5 × 10^9^ CFU/mL, and 3.8 × 10^9^ CFU/mL, respectively, compared with this noncapsulated one that recorded 7 × 10^4^ CFU/mL, 8.5 × 10^4^ CFU/mL, and 3 × 10^4^ CFU/mL, respectively. In addition, in SSJ larger amounts of the selected LAB cells (6.88 × 10^9^ CFU/mL, 7 × 10^9^ CFU/mL, and 5.9 × 10^9^ CFU/mL, for *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080, respectively) were found. With regard to SCJ, the released LAB reached the maximum; *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080 cells recorded 8.66 × 10^9^ CFU/mL, 13 × 10^9^ CFU/mL, and 8 × 10^9^ CFU/mL, respectively compared with the noncapsulated strains that counted 2 × 10^5^ CFU/mL, 6 × 10^5^ CFU/mL, and 1.9 × 10^5^ CFU/mL, respectively \[[Table 1](#T1){ref-type="table"}\]. There was a highly statistically significant difference in the survival of the number of capsulated and noncapsulated bacteria (*P* value = 0.001) as represented in [Table 1](#T1){ref-type="table"}. The normality of data was measured using a Shapiro-Wilk test (*P* \> 0.05) and a visual inspection of their histograms, normal Q-Q plots showed the survival of microcapsulated bacteria (CFU/mL) in the simulated human GIT were approximately normally distributed for different GIT stages (SGT, SSJ, and SCJ), with a skewness of 0.885 (SE = 0.913) and a Kurtosis of −1.745 (SE = 2.000) for SGT, a skewness of 0.096 (SE = 0.845), and a Kurtosis of −3.068 (SE = 1.714) for SSJ and a skewness of 0.044 (SE = 0.845) and a Kurtosis of −3.218 (SE = 1.741) for SCJ.

The survival of the microcapsulated bacteria in the simulated human GIT was photographed \[[Figure 3](#F3){ref-type="fig"}\].

![The survival of microencapsulated bacteria in the simulated human GIT. (a) The double layers of the microcapsules were intact in the initial stage (b) The outer chitosan layer was shrunken and decreased in the size in the SGJ stage (c and d) Both the chitosan and alginate layers were disrupted in the SSJ stage and SCJ stage, respectively. The dark arrow in C points to the disrupted alginate while in D the arrow points to the disrupted chitosan layers](JRMS-20-950-g004){#F3}

*In vivo* efficacy of microencapsulated lactic acid bacteria to inhibit *H. pylori* {#sec2-10}
-----------------------------------------------------------------------------------

The potential antimicrobial activity of the most potent microencapsulated LAB strain was *in vivo* evaluated. Histology of pyloric and subpyloric mucosa are illustrated in Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}, respectively, for control group (CG), infected group (IG), and treated group (TG) in rabbits.

![Histology of pyloric mucosa\'s (H and E, ×40). (a) Control group (b-e) Infected groups (b) Discontinuity of the epithelium, interstitial edema, widening of the bile duct, and congested blood capillary (c) The cellular infiltration, disorganization, reactive atypia and congested blood (d) The duct wider, multiple vaculations, interstitial edema between glands and mononeuclear cell infiltration (e) Cytoplasmic acidophilic increased (f) Treated groups showing a decrease in the widening of the bile duct and in cellular infiltration and the absence of inflammatory cells](JRMS-20-950-g005){#F4}

![Histology of pyloric submucosas (H&E, ×40). (a) Control group (b and c) Infected groups (b) Dilated congested blood vesicles with cellular infiltration and edematous aria between muscles (fibrosis) (c) Cellular infiltration increased (d) Treated group showing nerve hyperplasia and a decrease in dilation of the blood vesicles and disappearance of cellular infiltration](JRMS-20-950-g006){#F5}

In order to evaluate the potential antimicrobial activity of the most potent encapsulated LAB strain *in vivo*, 12 healthy albino male rabbits were used. Generally, the infected rabbits developed chronic active gastritis closely resembling the *H. pylori* gastritis observed in humans. In animals from non- *H. pylori* inoculated groups (CG), inflammatory cell infiltration into the lamina propria was negligible. In contrast, active atrophic gastritis, reactive atypia, and multiple vacuoles developed in the gastric mucosa of the rabbits in the infected group (IF), which thus showed a marked mucosal infiltration of inflammatory cells in the lamina propria. In addition, superficial erosions in the antrum and irregularity of the pyloric glands were frequently observed \[Figures [4b](#F4){ref-type="fig"} and [e](#F4){ref-type="fig"} and [5a](#F5){ref-type="fig"}-[c](#F5){ref-type="fig"}\]. However, the degree of mucosal infiltration of inflammatory cells \[all of intraepithelial lymphocytes (IELs), polymorphonuclear and mononuclear cells\] in the TG was significantly less than in the CG \[Figures [4f](#F4){ref-type="fig"} and [5d](#F5){ref-type="fig"}\]. In addition, no intestinal metaplasia or tumors in the gastric mucosa were observed in any groups based on the findings of this experiment.

Generally, *in vivo* results pointed out that an 8-week supplementation with a triple therapy of a microencapsulated *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080 may be able to reduce *H. pylori* and their pathogenicity in experimental animals and control gastric inflammation.

DISCUSSION {#sec1-4}
==========

Emergence of drug resistance in *H. pylori* is a major obstacle in the eradication of this gastric pathogen.\[[@ref32]\] The application of probiotic organisms in food preservation as well as prevention of human GI diseases is emerging these days.

Providing probiotic living cells with a physical barrier against adverse environmental conditions is therefore, an approach currently of considerable interest.\[[@ref35]\] Thus, the encapsulation technique has been applied to increase the survival and delivery of bacterial cultures. The purpose of microencapsulation of probiotics is to protect certain compounds or biological cells against the surrounding environment, which destruct the core. It protects the bacteria from heat, oxygen, and moisture and also improves the flow properties during formulation development. It can be used for different drug delivery systems and at present to apply for the encapsulation of probiotics in food products.\[[@ref35][@ref36][@ref37][@ref38][@ref39]\] The core material is encapsulated in the food grade matrix type coating material. In the food industry, these materials form a barrier to protect the core material against the GI environment using different encapsulation systems.\[[@ref39]\]

For the successful exploitation of microcapsules as an oral delivery device, an understanding of their performance under physiologically pertinent conditions that represent the human GIT is essential. Although *in vivo* research using specific techniques such as histological sectioning,\[[@ref40]\] radiography,\[[@ref41]\] and gamma scintigraphy\[[@ref42]\] can progressively track the microcapsules in the GIT, it remains difficult to follow the orally administered microcapsule at every stage of digestion in either animals or humans due to tedious processing, small size of the microcapsules, limited detection resolution, and ethical constraints. *In vitro* simulation offers a number of advantages, for example, well-controlled experimental conditions and easy sampling, especially preferable for screening and examining a variety of samples. Buffered solutions, for example, with pH at 1-2 or 6.5-7.5, are frequently reported in the literature as the simulated GI fluids;\[[@ref43]\] however they only represent the pH in the stomach and in the intestine, and do not mimic the complex human GI microbial ecosystem. While other *ex vivo* and *in vitro* simulated models including USP apparatus were also reported,\[[@ref44]\] most of them were static systems where fluids cannot be continuously transferred into the sequential GI compartments.

Our study uses a dynamic controlled human simulated GI model. Microcapsules maintain physical integrity in the GIT to prevent the leaking of genetically engineered cells, which is strongly dependent on the microcapsules' robustness and stability. So far, few studies have been reported to address this matter.\[[@ref45]\] Certain lactobacilli are resistant to the low pH of the stomach and may adhere to and transiently reside in the human stomach.\[[@ref46]\] The most frequently used strain was *L. johnsonii* La1, either in a fermented milk preparation containing live bacteria\[[@ref47]\] or as a free-cell culture supernatant.\[[@ref48]\] Other probiotics used were *L. casei*,\[[@ref49]\] *L. brevis*,\[[@ref50]\] and *L. gasseri* OLL2716.\[[@ref51]\]

Microcapsules are made of various materials and chemicals through complexation and cross-linking reactions, all of which may have an effect on the biocompatibility of the final microcapsules. In particular, the well-balanced gut microbiota is important in maintaining human health\[[@ref52]\] and should not be altered by the intake of microcapsules. Our results suggested that the used materials to construct the microcapsules did not evoke appreciable adverse effects on the human intestinal flora. In addition, cross-linked chitosan membranes did not compromise the biocompatibility of the microcapsules comparing to the noncross-linked subjects. These results were comparable to the results of Bhatia *et al*.\[[@ref45]\] and Zimmermann *et al*.\[[@ref53]\] The well-balanced gut microbiota is important in maintaining human health and should not be altered by the intake of microcapsules.\[[@ref52]\] It could possibly be attributed to the binding effect or diffusion of the enzymes to the microcapsules though further research may continue to elucidate the consequence.

The adhesion of *H. pylori* to epithelial cells is important in determining the outcome in *H. pylori*-associated diseases. Our results clarified that *in vivo* treatment with microencapsulated *L. plantarum, L. acidophilus*, and *L. bulgaricus* DSMZ 20080 have an inhibitory effect on *H. pylori*. In the gastric mucosa, *H. pylori* possibly interacts with epithelial cells through secretory components or as a result of adherence.\[[@ref54]\] Furthermore, several studies showed that *L. johnsonii* La1, *L. salivarius, L. acidophilus*, and *W. confusa* inhibit the attachment of *H. pylori* to intestinal HT-29 cells\[[@ref55]\] or to MKN 45 gastric cell lines.\[[@ref56]\] Johnson-Henry\[[@ref57]\] demonstrated that previous colonization by probiotics prevented or reduced *H. pylori* infection in germ-free mice. In addition, *L. salivarius* suppressed *H. pylori* and reduced the inflammatory response in gnotobiotic mice more efficiently than *L. acidophilus* or *L. casei*.\[[@ref58]\] It has been suggested that the degree of suppression of *H. pylori* depends on the used probiotic strain.

CONCLUSION {#sec1-5}
==========

In conclusion, *in vitro* studies revealed that microencapsulated probiotics could possibly compete with and downregulate *H. pylori* infection in humans.
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